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Abstract
We demonstrate the generation of highly adaptable and reproducible dark optical ring lattices,
which do not require Laguerre–Gauss beams or interferometric stability. In conjunction with a
magnetic trap, these scanned 2D intensity distributions will enable low-decoherence trapping
and straightforward dynamic manipulation of ultracold species in annular geometries using
low-intensity regions of blue-detuned light. The technique is ideal for azimuthal ratchet, Mott
insulator and persistent current experiments with quantum degenerate gases.
M This article features online multimedia enhancements
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1. Introduction
Laser cooling and the subsequent attainment of quantum
degenerate gases has enabled exquisite control over atoms.
Coherent atom-optical manipulation of coherent atomic gases,
typically with magnetic fields and/or far-detuned lasers, is now
a worldwide phenomenon [1]. There are a plethora of available
atom trapping geometries and rings are of particular interest
because they enable precision Sagnac interferometry and
detailed studies of superfluidity, plus the periodic boundary
conditions afford simple modelling of the system.
Bose-condensed atoms have recently been obtained in
magnetic ring geometries with radii 1–50 mm [2] and
persistent currents [3] have been observed in a small-scale
condensate ring trap [4]. Ultracold atom ring traps based
on electrostatic potentials [5] and induced currents [6] have
also been proposed, and RF dressed rings [7] have been
experimentally realized [8].
Confinement within optical lattice geometries offers
further possibilities; potentially as a tool for performing
universal simulation of quantum dynamics [9], and for
realization of Feynman’s ideas of quantum logic [10],
thus forming a promising basis for quantum computation
[11]. Optical lattices enable condensed matter physics
investigations, such as the quantum phase transition from
superfluidity to Mott insulator [12] and the realization of
Josephson junction arrays [13]. The combination of rings
and lattices to form ring lattices with rotational symmetry
and periodic boundary conditions is particularly beneficial
for e.g. studies of solitons, quantum many particle systems,
entanglement, Mott transitions and persistent currents [14].
Ring lattice potentials utilize far-detuned optical dipole
beams, which can be clearly divided into ‘bright’ or ‘dark’
lattices: atoms are attracted to dark (bright) spatial regions
of the time-averaged optical potential if one uses light blue-
detuned (red-detuned) from an atomic resonance. Blue-
detuned light is clearly preferable for optical manipulation, as
atoms trapped in low intensity light experience lower photon
scattering (i.e. heating) rates, energy level shifts and light
assisted collisional losses [15]. Blue-detuned (‘dark’) trapping
ensures robustness against decoherence and will be essential
for lattice-based quantum computation [11] and macroscopic
superpositions of flow states in BEC ring lattices [16].
Dark optical ring lattices [17] have been previously
realized using copropagating superpositions of Laguerre–
Gauss (LG) laser beams [18]. Complex optics (spatial light
modulators, SLMs) were used to generate separate static LG
beams, which were then frequency shifted by independent
acousto-optic modulators (AOMs). For a dynamic lattice the
LG beams must be recombined on a beamsplitter, leading to
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Figure 1. Parametric curves described by equation (1) with
R = A + B sin ω2t and {A/B,ω2/ω1} set to: {1/2, 5/2} (a); {1, 3/2}
(b); {1/2, 1/6} (c); {1/2, 5} (d). In (e) R = A(1 + 0.3 sin(6ω1t) +
0.075 sin(12ω1t)) and the angular symmetry of the lattice is broken.
power loss and a requirement for interferometric relative beam
stability to ensure reproducible long-term experiments. An
alternative way to produce smooth time-dependent lattices is
to update dynamically the SLM pattern; however update rates
tend to be slow, and for the faster binary SLMs additional
control algorithms must also be used, due to SLM interframe
artefacts [19].
Bright ring lattices can be directly generated with AOMs.
The acoustic mode frequency and amplitude in an AOM
determine the beam deflection angle and intensity respectively,
allowing spatial control [20]. By scanning the position of a
laser beam in one or two dimensions it is possible to create a
BEC mirror [21], condensate surface excitations and multiple-
site traps [20], or ‘stir’ a condensate to produce vortices [22].
Two-dimensional bright ring lattice potentials using scanned
red-detuned laser beams have been suggested [23], optically
realized [24] and experimentally implemented for storing and
splitting Bose–Einstein condensates [25].
Here we utilize two-dimensional AOM beam scanning
[20, 24, 25] to optically demonstrate simple dark optical ring
lattice potentials for use with ultracold atoms or BECs, without
the need for relative laser beam phase coherence required in
[18], and with greatly reduced inferred atomic decoherence
and heating compared to reference [24]. In BEC experiments
using destructive imaging, the requirement of a ring lattice
with a well-defined shot-to-shot angular phase is crucial and
our potentials can be reproducibly rotated around the beam
axis and also spatially modulated. Moreover, if additional
confinement is provided by a magnetic field (section 4), a blue-
detuned realization of the dark ring lattice will be essentially
decoherence free [11] and highly adaptable—ideal for Mott
insulator [12], persistent current [3] and azimuthal ratchet
[26] experiments involving quantum degenerate gases. We
will discuss the ring lattice theory, describe the experiment,
then place our results in an atom optics context.
2. Theory
We consider ring-lattice potentials based on a laser beam
following a 2D path of the form
{xc, yc} = R{sin(ω1t), cos(ω1t)}, (1)
where R(ω2t + φ) is an arbitrary function with period
2π/ω2 (i.e. R is comprised of Fourier components at angular
frequencies that are integer multiples of ω2). The overall
period of the parametric function is T = 2π/ωgcd where ωgcd
is the greatest common divisor of ω1 and ω2. Equation (1)
forms a large family of rotationally symmetric ‘flower like’
curves (figure 1) defined by the Fourier components of R.
If ω2/ω1 is rational, ω2/ωgcd corresponds to the number of
‘petals’ in the curve, which can be arbitrarily large in principle.
Any curve can be directly rotationally modulated using the
overall phase of R, i.e. φ.
Half integer values of ω2/ω1 produce curves with a ring
lattice profile (figure 1(a)), integer values of ω2/ω1 produce
curves which, when combined with a magnetic quadrupole
potential (section 4) create a hybrid magneto-optic ring lattice
(figure 1(d)) and it is also possible to make patterns with broken
angular symmetry for ring ratchet experiments (figure 1(e)).
Laser beam deflection from an AOM is proportional to
the RF drive frequency. The deflection can be modulated
by altering the drive RF frequency, which can be achieved
by varying the voltage driving a voltage controlled oscillator
(VCO). Thus AOM deflection is synchronized to the VCO
input voltage. If a laser beam is passed through two
perpendicular AOMs, with corresponding VCOs driven by the
parametric signal equation (1), the variation in the vertical and
horizontal deflection angles will cause the beam to trace out
the corresponding parametric curves. If this variation is rapid
compared to typical atomic velocities, ultracold species will
effectively experience only the time-averaged geometry of the
beam trace [27], allowing both trapping and spatial control of
atoms or BECs within the scanned beam.
3. Experiment
The design used to generate the required VCO control signals
is shown schematically in figure 2. The circuit is able to
operate from a single ‘master’ synthesized signal generator
(SSGM, e.g. Agilent 33220A or SRS DS345) by taking
advantage of the 10 MHz clock output, to synchronize a
second ‘slave’ SSGS (or control circuitry [28]). SSGM is
used for radial modulation of the circular beam path provided
by SSGS. We have used analogue multipliers because the
amplitude modulation function of a typical SSG has limited
bandwidth.
The multiplier outputs (equation (1)) are then fed to two
independent VCOs to provide the RF signals for driving two
110 MHz AOMs. Voltage-controlled attenuators (VCAs)
or double-balanced mixers are then used for control over
RF power, and thus beam intensity, during the beam scan.
Our base frequency is currently set to ω1 = 2π × 10 kHz
(a subharmonic of the SSGM clock) for convenience, however
with sufficient VCO bandwidth, this could easily be increased
by more than a factor of 10.
Figure 3 shows the experimental setup. A helium–neon
laser beam is focused through two perpendicular AOMs, which
are placed close to each other to minimize output distortion and
scan asymmetry. Each AOM produces a spread of diffractive
orders which results in a grid of diffracted beams at the output.
Figure 4 shows experimental results for 5-site optical ring
lattices realized using this technique, as well as comparison
to 2D least-squares fits from a simple theoretical model based
on a Gaussian beam with x and y beam waists of wx and wy
respectively, scanned in the xy-plane yielding a time-averaged
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Figure 2. The signal generation circuit is based on two synthesized signal generators (SSG). Our slave synthesizer SSGS is actually a
custom-made circuit based on low-cost ICs [28].
Figure 3. Experimental setup for generation of optical ring lattices. Synchronized variation in AOM deflection angles causes the beam to
trace out the ring lattice shown.
Figure 4. Experimental relative intensity distributions (left; area
≈(4 mm)2, exposure 1 ms), corresponding least-squares theoretical
fits using equation (2) (centre) and fit residues (right). Optical lattice
movies comparing experimental and theoretical rotation (i.e. φ) and
amplitude (i.e. Ax,y) modulation are available at
stacks.iop.org/JPhysB/41/211001/mmedia. The static laser beam
has a waist (e−2 radius) ≈300 μm.
intensity:
I (x, y) = I0ωgcd
2π
∫ 2π
ωgcd
0
exp
[
(x − xc)2
wx2
+
(y − yc)2
wy2
]−2
dt,
(2)
where xc = x0 − (rx + Ax sin(ω2t + φ)) sin(ω1t) and yc =
y0 − (ry + Ay sin(ω2t + φ)) cos(ω1t) are the x and y position
of the centre of the scanned beam at time t, respectively
(cf equation (1)). Note that ωgcd = ω1 for integer ω2/ω1
(an open optical ring lattice cf figure 1(a)) whilst ωgcd =
ω1/2 for half-integer ω2/ω1 (a closed optical ring lattice cf
figure 1(d)) respectively. The ten variables used in the least-
squares fits were x0, y0, wx,wy, rx, ry, Ax,Ay, I0 and φ.
As the contribution to the time-averaged intensity is
inversely proportional to the velocity of the centre of the
scanned beam, there is a radial intensity gradient due to the
deflected beam spending longer in the centre of the pattern.
This gradient does not affect the quality of the trapping
potential for e.g. Mott insulator experiments, as long as
the pattern has a high level of rotational symmetry. It is
therefore important to scan a dipole beam with an aspect ratio
as close as possible to 1, with a stable beam intensity during the
scan process. To this end, we have implemented a feedback
mechanism (‘noise-eater’) to the VCA control signals based
on error signals generated from the unused (1, 0) and (0, 1)
AOM deflection orders (figure 3). The advantage of feedback,
as opposed to recorded feedforward [24], is that it immediately
adapts to beam intensity noise due to environmental changes or
changes to the amplitude modulation function. Although high
bandwidth is required for feedback, we have already reduced
intensity amplitude noise to 5% rms, and anticipate future
improvements.
4. Atom optics
Whilst there has been growing theoretical interest in ring
lattices [14], the closest experiment to a dark BEC ring lattice
has consisted of three sites produced by variable intensity light
traversing a static mechanical aperture [29]. The azimuthal
and central barriers of this 3-site ring lattice must be altered
together. In contrast the azimuthal and central barrier of
our N-site optical potential can be altered independently.
Additionally, as the azimuthal lattice angle is purely controlled
by the phase φ of the VCO amplitude modulation, the ring
lattice can be reproducibly rotated, even for BECs with
experimental production times of minutes.
We now give a brief illustration of experimentally realistic
parameters for a 5-site optical ring lattice. The scanned laser
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Figure 5. Magnetic (left), optical (center) and hybrid magneto-optical potentials (right). Upper images show the z = 0 radial plane and the
lower images show axial-azimuthal slices indicated by the dashed white circles. Lattice sites in 3D (black crosses) are only formed for the
magneto-optical potentials.
beam leads to an optical dipole trap with atomic scattering rate
(Hz) and depth (J) approximately given by S ≈ I/(8IS2)
and U ≈ h¯I/(8IS) respectively, where I and  =
(ω − ω0)/ are the time-averaged spatial intensity and laser
detuning from the atomic transition (in linewidths). A very
useful, species independent parameter for blue-detuned dipole
traps is S/T = kB/(h¯)—the maximum scattering rate
experienced by an atom with total energy U = kBT as
a function of the dipole trap depth. For the 780 nm D2
transition in 87Rb,  = 2π × 6 MHz and IS = 16.7 W m−2.
If we use a dipole trap laser with wavelength λ = 765 nm
( ≈ 1.3 × 106) we have S/T = 0.1 Hz μK−1. Assuming
a laser waist of w = 20 μm, and power P = 400 mW,
figure 5 illustrates the optical dipole potential, as well
as its combination with a magnetic quadrupole field B =
100 G cm−1 {−x/2,−y/2, z} for atoms in the ground state
|F = 2,mF = 2〉, yielding an adiabatic magnetic potential
UB = μB |B| [1].
In addition to the dramatically reduced heating rates
afforded by blue-detuned (dark) dipole traps, it should be
stressed [20] that dark ring lattices should greatly reduce the
observed heating due to micromotion of atoms during AOM
beam scan in bright dipole traps. Additionally, scattering a
few photons tends to optically pump atoms into magnetically
untrapped states: thus dark (bright) traps scatter more photons
in the hottest (coldest) parts of the potential leading to
evaporative cooling (heating).
5. Conclusions
We have experimentally obtained reproducible optical ring
lattices for use with blue-detuned light, which allow
controllable rotation and spatial modulation. The lattices
produced are relatively insensitive to environmental conditions
and do not require either LG beams, SLMs or other complex
optics. This technique could possibly be utilized for rotation
of a ‘quantum register’, and for new forms of optical tweezing.
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